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The Red clover necrotic mosaic virus movement protein (MP) is essential for cell-to-cell movement. Eight previously characterized
alanine-scanning mutants of the MP were fused to the green fluorescent protein (GFP) and expressed from viral infectious transcripts.
Inoculated plants were assayed for movement and intracellular accumulation of MP by confocal laser-scanning microscopy. A strict
correlation was observed between the targeting to the cell wall (presumably the plasmodesmata) and cell-to-cell movement.
Complementation of dysfunctional MP mutants with either wild-type MP or other null mutants in some cases rescued intracellular targeting
and movement. The data suggest the presence of distinct domains in the MP for virus movement (near residues 27–31), complementarity
(near residues 122 and 128), and intracellular localization (near residue 161). These data support a model of MP interacting cooperatively
with itself to bind viral RNA, localize to and modify plasmodesmata and effect virus movement.
D 2004 Elsevier Inc. All rights reserved.
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Plant viruses must be able to move out of initially
infected cells and spread throughout the plant host to cause
disease. For many plant viruses, cell-to-cell movement
involves one or more viral gene products termed movement
protein(s) (MPs) and sometimes the capsid protein(s) (CP).
Among plant viruses, there are at least two global types of
cell-to-cell movement, distinguished by the formation or
lack of formation of tubules (Carrington et al., 1996; Epel et
al., 1996; Gopinath et al., 2003; Kasteel et al., 1997;0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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USA.Lazarowitz, 1999; Tamai et al., 2003). For those viruses
which do not utilize tubule formation, two further subtypes
of cell-to-cell movement can be distinguished, those that
require the viral CP and those that do not (Callaway et al.,
2001; Roberts et al., 1998; Tamai et al., 2003). Red clover
necrotic mosaic virus (RCNMV; Family Tombusviridae,
Genus Dianthovirus) belongs to that group of non-tubule
forming viruses, which employ a single MP for cell-to-cell
spread and for which CP is not required (Xiong et al.,
1993b). This mechanism of cell-to-cell movement involves
the transport of the viral genome assisted by its MP and
possibly host factors (Citovsky et al., 1993; Huang et al.,
2001; Lucas, 1995; Lucas et al., 1995; Waigmann et al.,
2000). MP was shown to bind single-stranded RNA and it
was suggested the MP chaperones the RNA through dilated
plasmodesmata (Giesman-Cookmeyer and Lommel, 1993;
Fujiwara et al., 1993). It was found that expression of the
viral MP, in as yet some unknown manner, biochemically
modifies the plasmodesmata to allow the passage of large
biomolecules (Fujita et al., 1999; Fujiwara et al., 1993;005) 10–21
Fig. 1. RCNMV genome organization, maps of constructs used to identify
intracellular targeting of RCNMV MP:GFP fusions and location of MP
alanine scanning mutations. RNA-1 contains open reading frames (ORFs,
denoted by open boxes) for p88 and the capsid protein (CP). The p88 ORF
is interrupted by a 1 ribosomal frameshift event yielding a pre-
readthrough product p27. RNA-2 encodes for the 35 kDa movement
protein (MP). For R1sGFP, the CP was replaced by sGFP. For R1-MP:GFP
and its alanine scanning mutant derivatives, MP was inserted into R1sGFP
at the N-terminus of sGFP to produce the MP:GFP fusion. For R2-DATG,
the MP ORF start codon was mutated eliminating the MP ORF (Vaewhongs
and Lommel, 1995). The MP ORF, displaying the relative positions of
alanine scanning mutations, is depicted below R1-MP:GFP.
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1989).
The RCNMV genome consists of two positive sense,
single stranded RNAs of 3.9 and 1.5 kb packaged into 32
nm icosahedral virions (Lommel et al., 1988; Xiong and
Lommel, 1989). The larger genomic RNA-1 encodes two
open reading frames (ORFs). The 5V proximal ORF,
interrupted by a 1 ribosomal frameshifting signal, produ-
ces a pre-readthrough 27 kDa protein and an 88 kDa
polypeptide which is the viral-encoded replicase (Kim and
Lommel, 1994, 1998; Xiong et al., 1993a). These proteins
accumulate in and remodel the cortical endoplasmic
reticulum (Turner et al., 2004). The second 3V proximal
ORF encodes the 37-kDa CP (Xiong and Lommel, 1989).
This ORF is expressed in vivo from a subgenomic RNA
(sgRNA; Zavriev et al., 1996). The smaller RNA-2 is
monocistronic and encodes the 35-kDa MP required for
cell-to-cell movement (Osman et al., 1992; Xiong et al.,
1993b). A 34 nucleotide sequence element forming a simple
stem loop on RNA-2 interacts with the CP gene sgRNA
promoter to trans-activate sgRNA synthesis from RNA-1
(Guenther et al., 2004; Sit et al., 1998). Consequently, both
RNAs are required to achieve a fully competent virus
infection expressing CP.
A panel of phenotypically diverse alanine scanning
mutations in the RCNMV MP have been studied both in
vivo and in vitro and were used to identify the known
functions of this protein (Fujiwara et al., 1993; Giesman-
Cookmeyer and Lommel, 1993; Osman and Buck, 1991;
Osman et al., 1991; Wang et al., 1998; Xiong et al., 1993b).
The biology of the wild-type and mutant MPs have been
examined to define the role of MP during viral infection in
cell-to-cell and long distance movement and as a host-range
determinant (Giesman-Cookmeyer et al., 1995; Osman et
al., 1991; Wang et al., 1998). We have demonstrated that the
RCNMV MP has four functions associated with cell-to-cell
movement, including: (i) binding of viral RNA in vitro and
in vivo, (ii) increasing the size exclusion limit of plasmo-
desmata, (iii) transporting RNA from cell-to-cell through the
plasmodesmata, and (iv) transporting itself through the
plasmodesmata (Fujiwara et al., 1993; Giesman-Cookmeyer
and Lommel, 1993). Furthermore, we have shown that the
MP is essential for long distance movement and that this
requirement maps to a functional domain distinct from that
for cell-to-cell movement (Wang et al., 1998). The MP long
distance domain facilitates movement across the boundary
between the phloem parenchyma cells and the companion
cell-sieve element complex to facilitate long-distance move-
ment (Wang et al., 1998). Finally, using the alanine scanning
mutants, we have shown that the MP is a major host range
determinant (Wang et al., 1998).
In this study, we again utilize the previously generated
panel of alanine scanning mutants to identify the sites and
phenotypes of intracellular accumulation of the RCNMV
MP and correlate intracellular targeting and accumulation
with the ability of the virus to move cell-to-cell. By fusingeach alanine-scanning mutant of the RCNMV MP to the
green fluorescent protein (GFP) and then expressing the
fusion from viral infectious transcripts, the intracellular
accumulation of the various mutants were determined. Wild-
type (wt) MP accumulates in punctate spots at the periphery
of the cell. This phenotype is strictly correlated with the
ability of the MP to facilitate movement of the virus
infection.Results
For all of the experiments in this study, full-length
cDNA clones of RCNMV RNA-1 and RNA-2 served as
templates for T7 RNA transcripts that are directly
infectious when mechanically inoculated onto Nicotiana
benthamiana plants (Xiong and Lommel, 1991). The
RCNMV MP was either expressed from its wt location as
the only gene on RNA-2 or as a fusion with GFP
(MP:GFP) from the site of the CP gene on RNA-1 (Fig.
1). The reason for this is that MP:GFP fusions could not be
functionally expressed from RNA-2, which is likely due to
the presence of an essential cis-acting replication element
in the MP ORF (Tatsuta et al., 2005). In all cases, both
RNA-1 and RNA-2 transcripts were co-inoculated to insure
that the RNA-1 sgRNA was trans-activated. Because of
this trans-activation feature, only cells containing both
RNAs express the sgRNA.
Intracellular localization and accumulation of wt MP:GFP
In this set of experiments, RCNMV MP was fused to
GFP and expressed in place of the CP ORF at the 3Vend of
RNA-1. Once again, CP is not necessary for cell-to-cell
D. Tremblay et al. / Virology 333 (2005) 10–2112movement so it is assumed the lack of CP does not affect the
normal targeting of MP. An RNA-2 molecule with the MP
ORF disabled (R2-DATG) was also co-inoculated in order
to trans-activate sgRNA expression from RNA-1 and to
preclude the expression of non-GFP tagged MP.
Following infection, the wt MP:GFP was expressed to
high levels in infected N. benthamiana cells and accumu-
lated in spots along the cell wall (Figs. 2A and 5A). The
MP:GFP was also functional in facilitating the cell-to-cell
movement of the virus infection (Table 1). This establishesFig. 2. Confocal fluorescence micrographs of epidermal cells showing intracellular
RCNMV MP fused to GFP. RNA transcripts from each R1-MP:GFP construct was
imaged 48 hours post inoculation. (A) wild-type MP:GFP, (B) MP27-31:GFP, (
R1sGFP (free GFP). Maps of the inoculated constructs depicted at the bottom. Sthe biological activity of the RCNMV MP as a fusion to
GFP.
Intracellular localization and accumulation of alanine
scanning mutant MP:GFP
Previously created alanine scanning mutations in the
RCNMV MP were each tested for their ability to bind
RNA in vitro, bind in a cooperative manner, traffic virus
from cell-to-cell, modify plasmodesmata and effect theirtargeting and accumulation of wild-type and alanine scanning mutants of the
co-inoculated with the RNA transcript from R2-DATG and epidermal cells
C) MP122:GFP, (D) MP128:GFP, (E) MP161:GFP, (F) MP280:GFP, (G)
cale bar in Panel A equals 10 Am.
Table 1
Intracellular accumulation and cell-to-cell movement phenotypes of
RCNMV MP alanine scanning mutants
MP:GFP
expressed
from RNA-1
RNA-2
construct
Hosta Cell-to-cell
movementb
Cell wall
localizationc
GFP R2-DATG N.b.  
GFP wt RNA-2 (MP) N.b. + 
GFP R2-DATG N.b. MP+ + 
wt MP:GFP R2-DATG N.b. + +
wt MP:GFP wt RNA-2 (MP) N.b. + +
wt MP:GFP R2-DATG N.b. MP+ + +
MP27-31:GFP R2-DATG N.b. +/ +/
MP27-31:GFP wt RNA-2 (MP) N.b. +/ +/
MP27-31:GFP R2-DATG N.b. MP+ +/ +/
MP122:GFP R2-DATG N.b.  +/
MP122:GFP wt RNA-2 (MP) N.b. + +
MP122:GFP R2-DATG N.b. MP+ + +/
MP128:GFP R2-DATG N.b.  
MP128:GFP wt RNA-2 (MP) N.b. + +
MP128:GFP R2-DATG N.b. MP+ + +/
MP161:GFP R2-DATG N.b.  
MP161:GFP wt RNA-2 (MP) N.b. + 
MP161:GFP R2-DATG N.b. MP+ + 
MP280:GFP R2-DATG N.b. + +
MP280:GFP wt RNA-2 (MP) N.b. + +
MP280:GFP R2-DATG N.b. MP+ + +
a Host: N.b. = Nicotiana benthamiana; N.b. MP+ = Transgenic N.
benthamiana constitutively expressing wt RCNMV MP.
b Determined by fluorescence microscopy.
c Determined by fluorescence and confocal microscopy.
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sponds to charged amino acid(s) changed to alanine]
MP144, MP278, and MP291 were cloned into R1sGFP
to produce MP mutant–GFP fusions. Transcripts from the
resultant RNA-1 clones were co-inoculated with R2-
DATG onto N. benthamiana plants. In each case, theseFig. 3. Confocal fluorescence micrographs of epidermal cells showing intracellular
R1-MP122:GFP were co-inoculated with the RNA-2 transcript from R2-DATG an
phenotype detected in 90% of the infected cells. (B) Representative intracellula
constructs depicted at the bottom. Scale bar in Panel A equals 10 Am.alanine scanning mutants facilitated cell-to-cell movement
of the infection and yielded an intracellular localization
and accumulation phenotype indistinguishable from wt
MP:GFP (data not shown). Consequently, these mutants
were eliminated from further study.
MP27-31:GFP exhibited a variable phenotype for cell-
to-cell movement. In approximately half of the infection
sites, the MP27-31:GFP facilitated movement and in
other half, it did not (Table 1). However, the intracellular
localization phenotype was consistent, regardless of
whether or not movement occurred. A significant portion
of the expressed MP27-31:GFP targeted to the cell wall
in punctate spots (Fig. 2B), much like wt MP:GFP
accumulation. In addition, fluorescing MP27-31:GFP
aggregates accumulated that did not contact the cell wall
or other organelles. MP27-31:GFP appeared to be
partially defective for cell wall targeting and movement.
MP122:GFP was incapable of facilitating cell-to-cell
movement of the virus infection and fluorescence was
always restricted to initially inoculated cells (Table 1).
This mutant did not appear to target within the cell (Fig.
2C) and generally exhibited a phenotype identical to that
of free GFP (Fig. 2G). Like the previous mutant
however, MP122:GFP did exhibit variability in its pattern
of intracellular accumulation. More than 90% of the time
the mutant exhibited the non-targeting phenotype of free
GFP (Figs. 2C and 3A); however, in about 10% of the
fluorescing cells MP122:GFP did exhibit the punctate
spot phenotype of wt cell wall targeting (Fig. 3B). Even
with this low level of wt intracellular accumulation, cell-
to-cell movement was not facilitated.
MP128:GFP did not facilitate cell-to-cell movement
(Table 1) nor did it target or accumulate in spots in
infected cells (Fig. 2D). Its intracellular accumulation
resembled that of free GFP (Fig. 2G).
MP161:GFP was also incapable of facilitating cell-to-cell
movement of the virus infection (Table 1). This mutant
exhibited the most unusual intracellular accumulation pat-
tern. MP161:GFP consistently aggregated into a single or atargeting phenotype polymorphism for MP122:GFP. RNA transcripts from
d epidermal cells imaged 48 hpi. (A) Representative intracellular targeting
r targeting phenotype detected 10% of the time. Maps of the inoculated
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satellite inclusions (Fig. 2E). The large aggregates did not
appear to be attached or associated with the cell wall or any
particular organelle.
For comparison purposes, MP280:GFP was able to
facilitate cell-to-cell movement and also exhibited a wt
pattern of intracellular localization and accumulation (Fig.
2F). This is in agreement with the previous findings of
near wt behavior for MP280 (Giesman-Cookmeyer and
Lommel, 1993).
For each mutant, there was a consistent correlation
between the ability to target to the cell wall in discrete spots
and the ability of the infection to move from cell-to-cell.
Effect on movement when MP mutants are expressed from
wild-type position within RCNMV genome
MP expressed from the RNA-1 CP sgRNA is expected to
produce significantly more product than when expressed
from its wt location as the only gene on RNA-2 (Lommel et
al., 1988; Osman and Buck, 1991; Sit et al., 1998). To
determine if the movement phenotypes observed when
MP:GFP was expressed from RNA-1 remained consistent
when MP was expressed from RNA-2, we co-inoculated
R1sGFP, where the CP ORF was replaced by free unfused
GFP (Fig. 1), with one of the RNA-2 alanine scanning
mutants. Movement of the virus infection was then
determined by observing GFP accumulation in cells with a
fluorescence microscope. As expected, GFP was observed
accumulating in expanding foci of infections with wt RNA-
2 (Fig. 4A) and was restricted to the initially inoculated cell
when no MP was expressed (Fig. 4B). Regardless of
expression levels and site of expression within the viral
genome, MP122, MP128, and MP161 always failed to
facilitate movement (Figs. 4C–E). The positive movement
phenotype for MP280 was also maintained when expressed
from its wt position on RNA-2 (Fig. 4F), although it was
delayed in cell-to-cell movement by 24 hr compared to
expression from the RNA-1 subgenomic promoter as
MP280:GFP (data not shown). The consistency in the
movement phenotypes between MP and MP:GFP fusions
when expressed from RNA-2 and RNA-1, respectively,
further support the conclusion that MP when fused to GFP
functions in a wt manner.
MP:GFP alanine scanning mutation phenotypes when
co-expressed with wt-MP
The experiment performed in this section was designed
to determine if the MP alanine scanning mutants, partic-
ularly the null mutants, block or alter the effect of wt MP
when co-expressed in epidermal cells. Here, RNA-1 with
each MP:GFP fusion expressed from the site of the CP ORF
was co-inoculated with wt RNA-2 expressing wt MP. The
control experiment (Fig. 5A) shows that the expression of
wt MP does not have a profound competitive advantagesuch that it diminishes the ability of the MP:GFP fusion to
accumulate in punctate spots and facilitate cell-to-cell
movement of the infection. MP27-31:GFP was capable of
facilitating virus movement in approximately half the
infection sites. When the same RNA-1 construct was co-
inoculated with RNA-2, the MP27-31:GFP mutant infection
could now move in 100% of the infection sites (Fig. 5B).
This indicates that wt MP fully complements the partial
defect in movement associated with MP27-31:GFP. Move-
ment null mutants MP122:GFP, MP128:GFP, and
MP161:GFP, all moved in 100% of the infection sites when
co-expressed with wt MP. Interestingly, the non-wt intra-
cellular targeting and accumulation phenotype of
MP122:GFP, 90% free cellular distribution, completely
converted to the wt distinct cell wall, punctate spot
accumulation phenotype. It appears that MP122:GFP is
interacting with wt MP in such a way that it now targets
normally. In contrast to MP122:GFP, both MP128:GFP and
MP161:GFP retained their respective unusual and non-wt
intracellular targeting phenotypes. An interpretation of these
results is that MP128:GFP and MP161:GFP are not
contributing to gating plasmodesmata or to the RNA-MP
complex. The data suggest that wt MP is solely responsible
for trafficking the RNA-1 with the MP:GFP mutant fusion
to the neighboring cell allowing for expression of the non-
functional fusion protein. MP280:GFP behaves in a wt
manner for both movement and intracellular targeting, and
as expected, these phenotypes were not altered when co-
expressed with wt MP (Fig. 5F).
In a related experiment, each MP alanine scanning mutant
expressed as a GFP fusion from RNA-1 was co-inoculated
with R2-DATG onto transgenic N. benthamiana plants
constitutively expressing wt RCNMV MP (N.b. MP+)
previously shown to complement not only RCNMV MP
deletion mutants but a number of other RNA plant virus
movement mutants as well as the movement of an insect
virus (Dasgupta et al., 2001; Giesman-Cookmeyer et al.,
1995; Morozov et al., 1997; Rao et al., 1998; Reade et al.,
2003; Solovyev et al., 1997; Vaewhongs and Lommel,
1995). As in the case with the previous experiment, every
mutant moved (Table 1) and the intracellular accumulation
phenotype was identical to that when wt MP was being
supplied by RNA-2 (data not shown). This demonstrates that
regardless of the source of the RCNMV MP, from RNA-2 or
from a transgenic plant, the interactions of the wt MP with
the alanine scanning MP mutant remained consistent.
Complementation of null MP alanine scanning mutants
MP122, MP128, and MP161 were largely or completely
non-functional for cell-to-cell movement. In this experiment
various combinations of the null mutants were co-expressed
in inoculated epidermal cells to determine if movement
function could be reconstituted by complementation. One of
the mutants was expressed as the MP:GFP fusion protein
from RNA-1 while the other was expressed from RNA-2.
Fig. 4. Confocal fluorescence micrographs of epidermal cells showing movement phenotypes of various RCNMV MP alanine-scanning mutants when
expressed from RNA-2. RNA transcripts from R1sGFP were co-inoculated with RNA-2 transcripts expressing either wild-type, alanine scanning mutant MP, or
no MP. (A) wild-type MP, (B) no MP from R2-DATG, (C) MP122, (D) MP128, (E) MP161, (F) MP280. Maps of the inoculated constructs depicted at the
bottom. Scale bar in Panel A equals 25 Am.
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the RNA-2 trans-activator is necessary to facilitate RNA-1
sgRNA synthesis. When MP122 and MP128 were expressed
as theMP:GFP fusion from RNA-1 they could not be made to
move cell-to-cell by any of the other null MP alanine
scanning mutants (Table 2). In contrast, the MP161:GFP
fusion exhibiting the profound aggregation phenotype could
be complemented andmove 66% of the time withMP122 and
50% of the time with MP128 (Figs. 6A–D and Table 2). In
these cases, it could be seen that some of theMP161:GFPwas
now targeting and accumulating at the cell wall in punctate
spots much like wtMP. It appears theMP161 lethal defect can
in part be complemented by both MP122 and MP128. These
results suggest two things are occurring: (i) the defects in
MP122/128/161 are in different functional domains and canbe complemented and (ii) two null mutants are likely
interacting with each other, presumably in a cooperative
manner, to form a functional multimer that can correctly
target and effect viral RNA trafficking.
Another interesting observation concerns the reciprocal
complementations between MP161 and either MP122 or
MP128. When MP161:GFP was expressed as the fusion
from RNA-1, it was complemented 66% of the time by
MP122, whereas the MP122:GFP fusion was not comple-
mented by MP161. Additionally, MP161:GFP was com-
plemented by MP128, and again, the reverse was not true.
This difference in phenotype may be due to the GFP fusion
preventing complementation with MP161 or insufficient
MP161 being produced relative to MP122:GFP and
MP128:GFP to partially complement.
Fig. 5. Confocal fluorescence micrographs of epidermal cells showing the movement phenotype of RCNMV MP alanine scanning mutants when co-expressed
with wild-type MP. RNA transcripts from each R1-MP:GFP construct were co-inoculated with the wild-type RNA-2 and epidermal cells imaged 48 hpi. (A)
wild-type MP:GFP, (B) MP27-31:GFP, (C) MP122:GFP, (D) MP128:GFP, (E) MP161:GFP, (F) MP280:GFP, (G) R1sGFP (free GFP). Maps of the inoculated
constructs depicted at the bottom. Scale bars equal 25 Am.
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The two other species comprising the Dianthovirus genus
are Sweet clover necrotic mosaic virus (SCNMV) and
Carnation ringspot virus (CRSV). The MP from either of
these viruses supports both cell-to-cell and long-distance
movement of RCNMV in common hosts (Okuno et al., 1983;
Sit and Lommel, unpublished data). The MPs of the three
dianthovirus species show the highest degree of amino acidsequence identity in the amino three-quarters of the MP (92%
between RCNMVand SCNMV; 64% between RCNMVand
CRSV) while the carboxyl-terminal quarter retains less than
50% identity (Fig. 7) (Ge et al., 1992; Kendall and Lommel,
1992). Correlated with this reduced phylogenetic conserva-
tion is the observation that the carboxyl-terminus is expend-
able for RCNMV movement in N. benthamiana (Osman et
al., 1991; Reade et al., 2001; Xiong et al., 1993b). It is
hypothesized that the dianthovirus MP protein carboxyl-
Table 2
Ability of RCNMV MP alanine scanning null mutants to complement each
other for cell-to-cell movement
RNA-1 RNA-2 Cell-to-cell
movement
% of infection
sites exhibiting
movement
Cell wall
targeting
MP122:GFP wt MP +/a 90 +/
MP122:GFP R2-DATG  0 
MP122:GFP MP128  0 
MP122:GFP MP161  0 
MP128:GFP wt MP +/ 90 +/
MP128:GFP R2-DATG  0 
MP128:GFP MP122  0 
MP128:GFP MP161  0 
MP161:GFP wt MP + 100 +
MP161:GFP R2-DATG  0 
MP161:GFP MP122 +/ 66 +/
MP161:GFP MP128 +/ 50 +/
a The percent of movement indicates the relative level for the +/ value.
D. Tremblay et al. / Virology 333 (2005) 10–21 17terminus is devoid of core functional motifs yet has host
specificity determinants (Wang et al., 1998). Other plant virus
MPs have membrane-spanning domains and are thought toFig. 6. Confocal fluorescence micrographs of epidermal cells illustrating movem
functional MP mutants. RNA transcripts from each R1-MP:GFP construct were c
scanning mutant MP, or no MP and epidermal cells imaged 48 hpi. (A) RNA-1 MP
(B) RNA-1 MP161:GFP and RNA-2 MP122 moving seen at 66% of the infection
infection sites. (D) RNA-1 MP161:GFP and RNA-2 MP128 moving at the other ha
MP161:GFP and R2-DATG. Maps of the inoculated constructs depicted at the bointeract with membrane systems either composing the
plasmodesmata or in close proximity to them (Brill et al.,
2000; Pouwels et al., 2003; Vilar et al., 2002). A domain near
the center of the protein, identified by alanine scanning
mutagenesis, MP122, MP128, and to a lesser extent MP161,
but not MP144, appears to be critical for cell wall targeting
(Fig. 7). These can either be key residues in the membrane
anchoring activity or may reflect a contact for protein-protein
interaction between the MP and a hypothesized host factor.
Based on the results of the null mutant MP122/128
complementation data, amino acids 122–128 are included
within a complementation domain which could be a homo-
multimeric binding domain that may be responsible for MP-
MP interactions. This same domain was previously mapped
by Giesman-Cookmeyer and Lommel (1993) using gel shift
assays.Discussion
In this study, we have further investigated the cellular
and biological properties of the RCNMV MP. Strategiesent rescue (complementation) of RCNMV MP161:GFP with other non-
o-inoculated with the RNA-2 transcript expressing either wild-type, alanine
161:GFP and RNA-2 MP122 not moving seen at 34% of the infection sites.
sites. (C) RNA-1 MP161:GFP and RNA-2 MP128 not moving at half the
lf of the infection sites. (E) RNA-1 MP161:GFP and wt RNA-2. (F) RNA-1
ttom. Scale bar in Panel F equals 25 Am.
Fig. 7. Schematic of various phylogenetically conserved regions and
functional domains in the RCNMV MP. Black bar represents region of high
amino acid sequence identity between the RCNMV MP and the MPs of
Sweet clover necrotic mosaic virus (92% identity) and Carnation ringspot
virus (64% identity). The gray bar indicates where the same phylogenetic
conservation is less than 50%. The gray-shaded oval indicates the relative
position of the hypothesized cell-wall targeting domain. Vertical lines
identify location of alanine scanning mutations numbered below.
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alanine scanning mutant MPs during a viral infection (using
a free GFP reporter) or determine the site of intracellular
localization of MPs (with MP:GFP fusions expressed from
RNA-1). We have shown that an RCNMV MP:GFP fusion
is functional in facilitating an apparently wt cell-to-cell
movement activity. The reciprocal fusion GFP:MP was not
biologically active (data not shown). Wt RCNMV MP:GFP
accumulates at the cell wall in punctate spots which we
believe represent plasmodesmata, analogous to the fluores-
cent spots observed at plasmodesmata in Tobacco mosaic
virus, Cucumber mosaic virus, and Alfalfa mosaic virus
infections (Atkins et al., 1991; Blackman et al., 1998; Ding
et al., 1992; Epel et al., 1996; Huang et al., 2001; Padgett et
al., 1996; van der Wel et al., 1998). MP mutant fusion
MP27-31:GFP displayed partial cell wall localization, with
cells having both punctate fluorescence at the cell wall and
undefined aggregates in the cell interior. MP27-31 was
previously shown to potentiate movement of the virus,
suggesting that the partial defect in localization was
insufficient to abolish movement. GFP fusions of MP122,
MP128, and MP161 did not localize to the cell wall, and
were never able to traffic beyond the initially infected cell.
MP122 rarely (b10%) displayed punctate spots in addition
to the predominantly free GFP phenotype. MP280:GFP
always localized to the cell wall and always spread cell-to-
cell. In all cases, intracellular targeting of MP to the
plasmodesmata was required for movement. Mutant MPs
that failed to localize a majority of the MP to the cell wall
also failed to facilitate cell-to-cell movement.
Interestingly, GFP fusions of MP144, MP278, and
MP291 (which were excluded from further study in this
report) all localized to the cell wall and potentiated cell-to-
cell movement in contrast to the lack of movement when
expressed from RNA-2 (Giesman-Cookmeyer and Lommel,
1993). All three MP mutants maintained RNA binding
cooperativity when expressed from bacteria suggesting that
the original mutations in RNA-2 may have had an affect on
MP expression levels which were overcome when highly
expressed from the CP sgRNA as GFP fusions.
Complementation experiments were performed between
mutant MPs as GFP fusions and wt MP expressed from
RNA-2. This tested the ability of the MP mutants tointerfere with the cell wall localization of wt MP and its cell-
to-cell movement. The control MP:GFP still targeted to the
cell periphery in the presence of unlabelled wt MP, and
moved from cell-to cell, as expected. MP27-31:GFP, which
had a partial movement phenotype, was completely rescued
by the presence of wt MP, moving 100% of the time. The
movement null mutants MP122, MP128, and MP161 were
also fully complemented by wt MP. The null mutant
MP122, which previously displayed 90% free distribution
of fluorescence, was completely converted to a wt cell wall
localized, punctate spot distribution upon co-expression
with wt MP. MP128 and MP161 both retained their non-wt
intercellular targeting phenotypes, suggesting that these
mutant MP RNAs were transported by the wt MP into
neighboring cells but that the mutant MPs did not contribute
to plasmodesmatal targeting and/or movement functions.
Collectively, these data suggest that MP27-31 and MP122
successfully interact with wt MP restoring the mutants’ cell
wall targeting and possibly movement ability. This implies
that the RCNMV MP acts as a homomultimer, and mutants
MP27-31 and MP122 are not in the homomultimeric
interacting domain. In these mutant/wt heteromultimers,
the targeting function was provided by wt MP. The data also
demonstrate that the mutant MPs are not capable of
interfering with the targeting and movement functions of
wt MP. This is in contrast to the TMV MP mutant MPNT-1
(Kotlizky et al., 2001) which localizes correctly to micro-
tubules, but then exerts a dominant negative effect by
preventing wt MP:GFP from binding to the cytoskeleton
and moving cell-to-cell. It has been suggested that trans-
genic plants expressing defective MPs would be protected
against wt virus infection. These RCNMV MP mutants do
not block wt MP from correctly localizing to plasmodes-
mata and moving cell-to-cell, and would not serve as a
biologically useful dominant negative mutation.
In a related experiment, the MP null mutants were co-
expressed to determine if movement function could be
reconstituted by complementation. When MP122 and
MP128 were expressed as GFP fusions from RNA-1, cell-
to-cell movement restoration was not achieved by any other
MP null mutant. However, MP161:GFP was restored to
66% movement by MP122 and 50% movement by MP128.
In these cases, a combined phenotype of wt cell wall
punctate spot localization and large intercellular aggregates
characteristic of MP161:GFP was observed. This suggests
that both mutant-wt heteromultimers (which could localize)
and mutant-mutant homomultimers (which could not local-
ize) formed. We cannot exclude the possibility that wt
homomultimers were also simultaneously forming, but the
fact that MP161:GFP was found at the cell wall in all
infected cells comprising a foci of infection (a lesion) and
not just in the initially infected cells indicates that the
mutant MP participated in the localization and movement of
the viral RNA. In reciprocal experiments, where MP161
was expressed from RNA-2 and MP122 or MP128 from
RNA-1, MP161 was unable to complement the movement
D. Tremblay et al. / Virology 333 (2005) 10–21 19or localization of MP122 or MP128. This difference
suggests that the lower level of MP161 available by
translation from RNA-2 was insufficient to overcome the
defect in MP122 or MP128. Finally, the lack of successful
complementation with all combinations suggests that
recombination is not occurring with the multiple infections.
In a previous study, it was shown that MP27-31, MP122,
and MP128 bound RNA non-cooperatively, losing the all-or-
none RNA binding characteristic of wt MP (Giesman-
Cookmeyer and Lommel, 1993). It was further shown that
cell-to-cell movement of MP was not dependent on high
levels of RNA binding. Mutant MP27-31 bound RNA poorly
(20% of wt) and non-cooperatively, but still facilitated a
slightly compromised systemic infection (Giesman-Cook-
meyer and Lommel, 1993). In this study, MP27-31 did
minimally localize and possess limited movement activity
even in the absence of wt MP. It could be that amino acid
residues 27–31 are on the periphery of the core MP
movement domain and only marginally contribute to the
virus’ ability to localize to the cell wall and move cell-to-cell.
The MP161 null mutation could be affecting two func-
tional domains. Since cell wall targeting is lost, it is likely
located in the cell wall localization domain. Also, since
MP161 forms pronounced aggregates, it may also be
enhancing the cooperative binding domain. An alternative,
and possibly more likely, explanation for the aggregation
phenotype is that MP161 has affected a physical property
such as hydrophobicity that has made the protein aggregate.
Mutant MP161 does bind RNA cooperatively (Giesman-
Cookmeyer and Lommel, 1993) and its null movement
phenotype is partially complemented by MP122 and MP128.
In the null mutant complementation experiments with
MP161 expressed from RNA-1, it is possible that the greater
amount of MP161 cooperatively binding RNA creates a
functional RNA-MP complex which includes minor portions
of MP122 or MP128 mutant proteins. The MP161/MP122 or
MP161/MP128 heteromultimer then reconstitutes a func-
tional cell wall localization domain. In the reverse case,
where MP122 or MP128 are in greater concentration, there is
insufficient functional cooperativity to form an RNA-MP
complex resulting in no localization to the cell wall or
movement. This suggests a model where RCNMV MP must
interact with itself as a homomultimer to begin the process of
RNA binding, with different domains responsible for
cooperativity and RNA binding. Once the RNA is fully
bound with MP, yet another domain localizes the RNA-MP
complex to plasmodesmata, where it then modifies the
plasmodesmata and potentiates cell-to-cell movement.Materials and methods
Construction of mutant MP:GFP fusion clones
The RCNMV RNA-1 (RC1) and RNA-2 (RC2) clones
from which infectious transcripts are derived have beendescribed previously (Xiong and Lommel, 1991). The
plasmid pRC2-DATG (generating R2-DATG transcripts in
which the MP start codon has been deleted) was described
previously (Vaewhongs and Lommel, 1995). Construction
of the alanine scanning MP mutants in RC2 was described
previously (Giesman-Cookmeyer and Lommel, 1993).
Relocation of MP mutant genes into RNA-1 was
accomplished by ligating the MP mutant ORFs from the
various pRC21G5VNco constructs (Giesman-Cookmeyer and
Lommel, 1993) into an RNA-1 infectious clone in which the
CP gene was replaced with the synthetic version of the GFP
gene (R1sGFP; Sit et al., 1998). The resulting MP:GFP
fusion gene is expressed from the CP subgenomic promoter.
Specifically, the mutant MP ORFs were amplified from
pRC21G5VNco with PfuTurbo DNA polymerase (Stratagene,
La Jolla, CA) using the oligos RC2 80 NC (5V-ATGCATC-
GATATGGCTGTTCATGTGG-3V) and MPDUAG C/M(-)
(5V-GTACGCGTTAGATCGATGCGAGTCTTTCCG-
GATTTGG-3V) both of which introduce a ClaI restriction
site. The amplified products were electrophoresed on an
agarose gel and the bands of the appropriate size were
excised and isolated with the QIAquick Gel Extraction Kit
(Qiagen, Valencia, CA). The excised DNAs were digested
with ClaI and ligated into the similarly digested R1sGFP
clone. The orientation of the MP inserts was confirmed by
restriction analysis.
Plant inoculation and analysis
Wt and mutant RCNMV RC1 and RC2 clones were
linearized with SmaI prior to in vitro transcription with T7
RNA polymerase (Giesman-Cookmeyer and Lommel,
1993). N. benthamiana was the host used for all of the
inoculations. Transgenic N. benthamiana plants expressing
the RCNMV movement protein (N.b. MP+) were described
previously (Vaewhongs and Lommel, 1995). A pair of
approximately 6-week-old plants were lightly dusted with
carborundum prior to the application of the inocula. The
leaves chosen for inoculation have typically completed the
transition from sink to source which for most viruses are the
state of the tissue that supports virus movement (Roberts
and Oparka, 2003). Leaves were inoculated with a 100-Al
solution containing 5 Al of each RC1 and RC2 transcript
product in 10 mM sodium phosphate buffer pH 7.2. Leaves
were rinsed with distilled water then returned to a glass-
house maintained at 22–24 8C.
Microscopy
Inoculated leaves were analyzed for GFP expression by
examination under a laser scanning confocal microscope
with a Leica TCS NT confocal system and a 20 NA 0.8 dry
objective (Leica, Wetzlar, Germany). The excitation source
for the confocal images was at 488 nm and fluorescence was
recorded with band-pass filters of 515 to 545 nm. All images
were processed with Adobe Photoshop (San Jose, CA).
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Four different developmental stages of N. benthamiana
plants were inoculated with either of three combinations of
infectious transcripts (Table 1). The developmental stage of
the plants was determined by measuring the widest point of
the largest two leaves of a plant and then averaging. Two
leaves of one plant were inoculated with the R1-MP:GFP/
R2-DATG and the R1sGFP/R2-DATG transcript combina-
tions and two leaves of two plants were inoculated with the
R1-122sGFP/R2DATG combination. The plants were ana-
lyzed by counting the phenotypes of fluorescing cells or foci
in a path that was the width of the incident light
(approximately 4 mm) on both sides of the leaf midrib with
the 20 objective of the Zeiss microscope. The percentage
of cells or foci with a phenotype similar to that of free sGFP
was determined. The percentage values of the R1-122sGFP /
R2DTG transcript combination were averaged.Acknowledgments
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